India, with over a billion people and a growing economy, is one of the countries, which will shape the energy supply and demand scenario in the 21 st century. With high growth rates of the Indian economy, energy needs are also growing rapidly. A growing global concern over environmental issues and the need for energy security of the country requires India to pursue all options for diversification of fuels and energy sources. In the coming decades, hydrogen is poised to become a major component in India's energy mix for meeting the growing energy needs of the economy. India's national energy policies acknowledge hydrogen as a promising energy storage option, which will provide clean and efficient energy to meet the requirements in power and transportation sectors. A National Hydrogen Energy Roadmap, setup by National Hydrogen Energy Board, India for the development of hydrogen energy related technologies including fuel cells, has been covered in detail. The most promising of all fuel cell technologies developed is proton exchange membrane fuel cell (PEMFC), which operates at a lower temperature. The variant of PEMFC is direct alcohol fuel cell (DAFC), which is direct fed with methanol and ethanol as fuel instead of hydrogen. The road map is an industry-driven planning process that offers longterm hydrogen energy based solutions to India's energy sector. A section of this article provides detailed information about the R&D activities on PEMFC, DAFC and high temperature PEMFC in India. This covers developmental work carried out by the government research institutes, universities and private sector organizations. A majority of organizations are involved in fundamental research, for e.g. polymer membranes electrolyte, anode and cathode catalysts and membrane electrode assembly and hydrogen storage with very few involved in manufacturing and technology. Some institutions are involved in more application-oriented research such as stack and balance of plant development and fuel cell bus demonstration program. The market potential for fuel cell based applications in India is discussed at the end. India, with a growing economy and a suitable national energy policy is a huge prospective market for fuel cell based applications. Stationary markets for fuel cells in India range from backup power for residential applications to captive power generation for industrial applications. This article includes discussion on potential of fuel cell based power generation in luxury hotels, process industries, chlor-alkali and dairy industry and telecommunication and information technology industry. Fuel cell applications in the Indian automotive sector are of great prospects. Initial penetration in this sector will be in buses due to their centralized operation, maintenance and refuelling. Light duty vehicle market also shows potential for fuel cell technology implementation. India has a large number of organizations in the light duty vehicle category, i.e. passenger car sector.
Introduction
In recent years, global energy shortage and ecological pollution problems have created opportunities for fuel cells to replace the existing technologies in a variety of applications. Some common areas of application of fuel cells include power for stationary, portable and transport applications. They are used to provide electricity and heat in large stationary applications. They are also used to provide power in areas that are difficult to serve by the national grid. In sectors such as telecom, they find use in providing backup power. Another promising area of application is their use in portable devices such as mobile phones. Due to their light weight and higher operating times, they are seen as a good alternative to solid batteries. Their application in transport finds its roots in their ability to meet the stringent emission norms. As far as the world fuel cell industry is concerned, most of the activities are concentrated in regions of North America, Europe, Japan and Korea. The areas of expertise range from R&D to component manufacture and system integration. Fundamental and applied R&D is carried out in universities as well as by commercial players. A large number of corporations are involved in component manufacturing and system integration. The governments in these regions provide strong funding for the development of the fuel cell sector.
India's fuel cell industry is not quite developed as compared to the above mentioned regions. Even then, it can be considered a very important and emerging market. An economy growing at a fast pace and a country in need of energy to sustain the growth are the factors that strengthen India's position as a prospective market for fuel cells. New national energy policies of the country that promote the growth of hydrogen and fuel cell technologies add to the market potential of fuel cells in India.
India -A Growing Economy
India is the second most populous country in the world and the fourth largest economy by purchasing power parity. India has seen dramatic economic growth over the last decade with GDP growth rates going as high as 9% in 2007-08 ( Fig. 1) . Although due to the global economic slowdown, Indian economy has also slowed (GDP growth rate of about 6.1 %) down from its high performance; it was one of the few economies where impact of this downturn was minimum.India's growth rate was among the highest in the world along with China.
This high growth rate essentially signifies upliftment of large number of population from poverty to India's growing middle class. This growing middle class is causing a consumer boom in Indian market which is contributing to India's growth.
Agricultural sector still employs about 60% of the population. A growing service industry is the largest contributor to India's GDP followed by industrial and agricultural sectors. Despite robust economic growth, India continues to face many major problems. One of the major challenges that India is facing to sustain its high levels of economic growth is lack of an effective infrastructure that can support its large population. A provision for reliable power supply and a network for energy supply to India's industrial and transportation sectors are the two key issues that need to be addressed.
Energy Landscape
India is the world's sixth largest energy consumer, accounting for almost 3.4% of the global energy consumption. Due to continuous high growth rates seen over the last few years, the demand for energy has been constantly growing in the economy. To sustain the growth rate for the next 20 years, India needs to increase its primary energy supply to 3-4 times. By 2030, the power generation capacity must increase to about 8,00,000 MW from the current levels of about 1,60,000 MW (Planning Commission Report, 2006) . A look at the current energy landscape shows India's dependence on fossil fuels for its energy needs.
About 76% of the electricity produced in India is generated by thermal power plants, 21% by hydroelectric power plants and almost 2-3% by nuclear power plants. India's fuel mix is heavily dependent on hydrocarbons. Fig. 2 shows the Proton Exchange Membrane Fuel Cell Technology: India's Perspective 867 contribution of various fuels in the supply of energy.This heavily fossil fuel dependent fuel mix of India raises concerns over the energy security of India, particularly regarding imported oil. The main challenge facing India's energy sector is to increase and improve the delivery of energy services to various sections of the economy. A problem of disparity in demand and supply of energy is another big issue that needs to be addressed.
Electricity Demand Supply Situation
Access to electricity is limited in India, even after rural electrification programme and increased power generation capacities are put in place. Even though the electricity line is provided to 80% of the Indian villages, electricity is available to merely 44% of rural households. There is a huge gap between electricity demand and supply in India, amounting to 16% (according to government figures) and 25% (according to industry estimates). Planning Commission of India estimated that around 600 million people are not even on the national grid. This number is even higher than the population of the European Union. Some states are even facing a worse situation. For example, 90% of the rural households in poverty-hit Jharkhand have no electricity and still use oil lamps for light.
India's industry incurs a direct loss of nearly 9 billion USD due to shortage of power. The loss amounts to 1% of India's GDP. The power-intensive sectors suffer the highest losses. Manufacturing sector alone accounts for 35% of the total loss. The other main sectors include small and medium enterprises at 16%, hospital and hotel, retail at 12%, real estate and infrastructure at 10%.
According to KPMG estimates, India will face a rise in demand of power to 90 GW by 2012 ( Fig. 3 ) and there will be only 65 GW increase in the installed capacity. To sustain the GDP growth rate of 8%, India would need to increase its installed capacity to 220 GW by 2012 from around 130 GW in 2007. Apart from high levels of disparity in demand-supply situation, India has other challenges in its overall energy landscape. These include pollution and growing concerns over energy security. Air pollution in particular is a concern in India's some big cities such as New Delhi, Mumbai, Kolkata, Chennai, Bangalore, Hyderabad and some other urban cities. Measures such as restraining the use of gasoline and diesel vehicles had been adopted to address the environmental degradation problems. New Delhi has converted its public transport system including city buses and 3-whellers to CNG. This CNG is derived from domestic natural gas, providing energy security. Similarly, cities of Kolkata and Chandigarh have also converted their large auto rickshaw fleets to run on LPG. Still, measures to build a more sustainable energy infrastructure should be adopted and this has been realized by the Indian government. The National Hydrogen Energy Roadmap proposed two major initiatives in its Vision 2020 -Prioritized Action Plan (Table 1) . The Green Initiative for Future Transport (GIFT) aims to develop hydrogen-powered IC engine and fuel cell vehicles ranging from small (cars, 3-wheelers) to big vehicles through different phases of development and demonstration. The Green Initiative for Power generation (GIP) was to develop hydrogen-powered turbine and fuel cell based decentralized power generating systems.
Policy Landscape

What is a Fuel Cell?
Before going into details of fuel cell technology development in India and its further scope, let us first discuss the science of fuel cell technology. The fuel cell is an electrochemical device that converts the chemical energy of the reactants directly into electrical energy. The free energy of the chemical reaction is converted into electrical energy by redox reaction. The essential difference between a fuel cell and a battery is that the fuel cell can continuously generate power as long as the fuel is supplied. Further, the electrode material in fuel cell works as catalyst to facilitate redox reaction and the electrodes do not take part in the reaction or they do not get exhausted. Fuel cell has two electrodes, cathode and anode, which act as current collector as well as catalyst and thus they are also called electro-catalyst. Every fuel cell has an electrolyte in between the electrode, which carries ions from one electrode to the other. Electrons are produced at anode through fuel oxidation reaction. These electrons take the least electrical resistive path and move from anode to outer circuit to do useful work such as powering an electric motor or illuminating a light bulb. The electron after traversing through the load or outer circuit reaches the cathode and participates in the reduction reaction to complete the process. Similarly, ions produced at the anode takes the least ionic resistive path for the ion and move from anode to cathode via electrolyte and participate in the reduction process to complete the reaction (Basu 2007) . To make it clear, if we assume that hydrogen gas is fed at the anode and oxygen gas at the cathode of a fuel cell, with an acidic electrolyte in between the anode and cathode, the following individual and overall reaction would occur:
There are several types of fuel cells, and each operates differently based on different redox reactions, fuels, electrode materials, electrolytes and operating temperature. A brief description of different types of fuel cells is given in Table 2 (Basu, 2007) . The table   shows the different types of fuel cells along with the  details of their vital components, application, system output, efficiency, and advantages, etc. In this article, low temperature fuel cell, namely, polymer electrolyte or proton exchange membrane fuel cell based on hydrogen and alcohol fuels (methanol and ethanol) are discussed in detail in subsequent sections.
Proton Exchange Membrane Fuel Cells (PEMFC)
The proton exchange membrane (PEM) fuel cell shown in Fig. 4 uses a solid polymer electrolyte (perfluorosulphonic acid membrane, Nafion®) in the form of a thin, permeable sheet for the transport of proton (H + ) (Basu, 2007) . Generally, platinum (Ptblack or Pt/C catalyst) is used as anode and cathode catalysts.
The perfluorosulphonic acid membrane (Nafion®, Dupont USA) is sandwiched between anode and cathode catalysts, which aresupported on gas diffusion layer made of carbon cloth or carbon paper. The composite structure is known as membrane electrode assembly (MEA) and it is the heart of the PEMFC. Gas diffusion layers work as substrate for catalyst and ensure the proper distribution of reactants over the catalyst. MEA is sandwiched between two bipolar plates (graphite), one in the anode side and the other one at the cathode side. Hydrogen molecules are stripped at the anode by the electro-catalyst into electrons and protons (H + ). Electrons generated at the catalyst-carbon paper (GDL) interface are conducted through GDL, having high electron conductivity, to the bipolar plate and to the outer circuit. The bipolar plate, made of graphite, also has channels to supply the reactants over the diffusion layer. The protons permeate through polymer electrolyte membrane and reach the cathode side, where it reacts with conducted electrons from the outer circuit and oxygen from air to produce water. The continuous flow of electron from the outer circuit through a load is nothing but the generation of electricity, which performs electrical work. The polymer electrolyte membrane allows protons to pass through it and restricts the passage of electrons as it is not a conductor. The migration of proton in membrane is promoted by sulphonate group present in the membrane structure through the formation of hydronium ion. The membrane needs to be hydrated for efficient transport of proton in the form of hydronium ion. Hence, the PEM fuel cell cannot be operated above 90 o C because of water loss from the membrane and subsequent poor conduction of proton. The reaction scheme for proton exchange membrane fuel cell is shown by Eqs. (1-3). In Fig. 4 , one single cell is shown, which generates reversible voltage equals to 1.23 V. The reversible voltage is related to change in Gibbs free energy of the overall reaction (Eq, 3) by the following expression:
where, G is the Gibbs free energy change due to fuel cell reaction (Eq. 3), n is the number of electron transfer per mole (n = 2) of hydrogen reacted, E is the reversible potential and F is the Faraday constant. The hydrogen-oxygen fuel cell reaction (Eq. 3) has a Gibbs free energy change of -237 kJ/mole under standard condition. The change in Gibbs free energy for any electrochemical or chemical reaction is calculated from definition of the Gibbs free energy at constant temperature, which is given in difference form as:
Where, H is the change in enthalpy during the reaction and T is the temperature and S is the change in entropy during the reaction and the product formation; H and S of reaction can be determined from the difference in enthalpy and entropy of formation of the products, less the formation of enthalpy and entropy of the reacting species at the reaction temperature. Using Eq. (4), at the standard state condition, one can determine reversible voltage, 237, 000
The superscripted 'o' denotes the standard state (298 K and 1 bar). Although each cell is capable of generating standard state reversible voltage (also known as standard state open circuit potential) equal to 1.23, in actual operation due to Nernst loss (to incorporate the effect of reacting and product species concentration and temperature) and during fuel cell operation, when current is drawn, due to presence of overpotentials, for e.g., activation, ohmic and mass transport, the operating voltage is much less than that of 1.23 V. Normally,estimate of voltage generation at reasonable current density (700 mA/cm 2 ) in PEMFC is 0.5-0.7 V volt. The fuel cell operation typically
Fig. 4: Schematic of Polymer Electrolyte Membrane Fuel
Cell showing different components (Basu, 2007) Proton Exchange Membrane Fuel Cell Technology: India's Perspective 871 characterized by current-voltage characteristics, which is explained in fig. 5 , with dominant regions of losses identified. The current is specified in terms of unit area of electrode, which essentially signifies the reactor area. The power out may be calculated by, P = V× I = 0.6 × 700 mA/cm 2 = 420 mW/cm 2 . To increase output voltage (or wattage), several MEAs in between bipolar plates are stacked in replicated fashion in a fuel cell unit. The schematic of such a fuel cell stack is shown in Fig. 6 . It shows the alternative hydrogen and oxygen (air) in flow into the channels of the bi-polar plates. When cells are stacked in series, the total voltage may add up to 40-80 V depending upon the number of unit cells stacked. In parallel and series stacking combination, both voltage and current can be increased. The details are available in O' Hayre et al. (2006) and Larmine and Dicks (2003) . It may be noted that from fuel cell, DC voltage is generated, which needs to be conditioned to change it to AC at higher voltage using DC-DC and DC-AC converter using electronic circuits.
Direct Methanol Fuel Cell (DMFC)
Direct alcohol fuel cell (DAFC) is a variant of PEM fuel cell. In case, methanol is used as fuel, it is called direct methanol fuel cell (DMFC); and similarly in the case of ethanol, it is called direct ethanol fuel cell (DEFC). In general, when a fuel cell uses PEM as electrolyte, it is termed as DAFC; and in the case of anion exchange membrane electrolyte, it is called direct alcohol alkaline fuel cell or direct alcohol AEM fuel cell (DAAFC). It is well-known that fuel oxidation and oxygen reduction kinetics is faster in the presence of alkaline medium than acidic medium (Basu 2007) .
In the recent past, AEM-based DAFCs have become popular as fuel crossover is absent, which is predominantly present in PEM-based DAFCs.
As mentioned earlier, DMFC uses methanol instead of hydrogen gas. The methanol dissociatesinto electrons, protons and carbon dioxide at the anode. The protons diffuse from anode to cathode through the polymer electrolyte membrane and electrons migrate toward the cathode through an external circuit. At the cathode, the electrons, hydrogen ions and oxygen from the air react to form water. The reactions involved in direct methanol fuel cell are shown here (Basu 2007 Methanol is a readily available and a low-cost liquid fuel that has an energy density comparable to the gasoline. If methanol can be used as a fuel, then all the problems of storing or generating hydrogen for fuel cell may be solved. The fuel cell system would be simpler to use and very quick to refill. These are the main advantages of DMFC. However, the main problem associated with DMFC is that the methanol electro-oxidation reaction at the fuel electrode (anode) is very slow as compared to hydrogen. This leads to a far lower power for a given size of fuel cell. The second major problem is the methanol crossover from anode compartment to cathode compartment through the polymer electrolyte membrane. Both these problems markedly reduce the performance of the DMFC compared to PEMFC. 
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Equation (4) shows the methanol oxidation reaction in which 6 electrons are generated by electrooxidation of a methanol molecule. The reversible cell potential at standard condition of a DMFC is calculated as 1.199 V. The methanol electro-oxidation reaction is a complex multi-step process. It is a very slow reaction and the reaction may proceed through many routes. Fig. 7 shows the possible routes of the complete oxidation of the methanol (Larmine and Dicks 2003) . In one of the routes, first, the methanol is oxidized to formaldehyde, whichis further oxidized to formic acid. In the final step, formic acid is oxidized to carbon dioxide. Some of the methanol may take another route, which forms carbon monoxide as an intermediate product. The carbon monoxide acts as a poison to the generally used platinum catalyst at the anode of the DMFC. Therefore, to reduce platinum catalyst poisoning, ruthenium (Ru) is used along with the platinum catalyst in a 2:1 ratio. Ruthenium helps to oxidize carbon monoxide into carbon dioxide.
Methanol solution, which is used as fuel at anode resistance; (d) use of composite polymer electrolyte membrane that may reduce the methanol crossover.
The development of polymer electrolyte membrane with reduced methanol crossover is an active area of research for DMFC. Efforts to develop the desired membrane for DMFC include modification of the conventional polymer electrolyte membrane (Nafion ® ) properties by incorporating organic or inorganic materials (composite Nafion ® membrane) or by developing alternative PEM (Savadogo 1998) .
In an effort to modify the existing Nafion ® membrane properties, inorganic solid acids have been incorporated with the objective of serving the dual functions of improving water retention as well as providing additional acidic sites (Malhotra and Datta, 1997) . Composite membranes containing finely dispersed hygroscopic inorganic oxides (zirconium phosphate) effectively show decrease in methanol permeability with increasing (upto a certain extent) infiltrated oxides with a simultaneous increase in proton conductivity at a higher temperature (Daiko et al., 2006) . Yang et al., (2001) demonstrated that composite Nafion ® / Zr(HPO 4 ) 2 membrane reduced the methanol crossover for DMFC operating at temperature close to 150 o C.Hygroscopic oxides such as SiO 2 , Zirconium phosphate, and TiO 2 have been used for Nafion ® modification (Watanabe et al., 1996) . Moreover, different composite membranes such as PVA/MMT, ErTfO/Nafion ® , SPEEK with silicotungstic acid, etc., are under study for DMFC and DEFC.Recently, Barbora et al. (2009) produced ErTfO/Nafion ® composite membranes, which showed higher proton conductivity and lower methanol or ethanol permeability than those of pure Nafion ® membrane. The permeability was reduced by 77 % and 80 % for ethanol and methanol using 1% ErTfO/Nafion ® composite membrane. The tensile strength and oxidation stability of 1% ErTfO/Nafion ® was the highest among all the membranes under study. The results showed that the ErTfO/Nafion ® composite may be a suitable membrane for direct alcohol fuel cells; exhibiting decreased fuel permeability, increased tensile strength and chemical stability, and decreased membrane swelling, without compromising proton conductivity.
Fig. 7: Possible routes of methanol electro-oxidation
side of DMFC permeates through the electrolyte to the cathode side and this short-circuits the fuel cell, i.e., methanol oxidation at Pt cathode. There have been significant efforts towards the development of polymer electrolyte membranes for DMFCs in order to reduce the methanol crossover and increase their operating temperature (Kerres 2001) . There are a few standard approaches for reducing the methanol crossover: (a) use of active anode catalyst results in complete methanol oxidation and not being available to diffuse through the electrolyte; (b) controlled use of methanol to the anode so that at the time of low current there is no excess methanol available, which can diffuse through the membrane; (c) use of thick electrolyte, that may reduce the fuel crossover but it should not be at the expense of the electrolyte Proton Exchange Membrane Fuel Cell Technology: India's Perspective 873
Direct Ethanol Fuel Cell
During the last decade, many studies have been conducted on the electrochemical oxidation of alcohols, especially methanol, in DMFC. However, recently it has been shown that ethanol is more advantageous and convenient compared to methanol and other higher alcohols. The focus of researchers has shifted from methanol to ethanol in the recent past, mainly due to its low toxicity and volatility as compared to methanol. Moreover, methanol is not considered as primary fuel. Ethanol is renewable owing to the fact that it can be produced in large quantity by fermentation of sugar-containing biomass resources. There exists a strong distribution network for ethanol in most of the countries. Also, ethanol as a fuel has higher theoretical mass energy density than methanol (8 versus 6.1 KWh/kg). All these advantages make ethanol more favourable as fuel in DEFC (Basu 2007, Pramanik and Basu 2007) .
Different platinum-based electrodes, for e.g., Pt-X alloys (with X = Ru, Sn, Mo, Ir, Re, and W) have been investigated by Lamy et al. (2001) to study the electrocatalytic oxidation of ethanol. Among these, the most effective electrocatalysts were found to be Pt-Ru and Pt-Sn for DEFC. Since complete oxidation of ethanol requires breaking of C-C bond, its electrooxidation is more difficult than that of methanol. It was confirmed in the review of the infrared reflectance spectroscopy and gas chromatography experimental data that electro-oxidation of ethanol leads to the formation of intermediate products with C-C bonds and adsorbed CO poisoning species (Lamy et al., 2001) . Analysis of the detailed electro-oxidation reaction mechanism of ethanol and the role of catalyst,for e.g., bi-functional mechanism of Pt-Ru/ C, at the anode was first proposed by Lamy et al. (2002 Lamy et al. ( , 2004 . Recently, ethanol electro-oxidation on carbon-supported Pt, Pt-Ru and Pt 3 Sn electrocatalysts in the temperature range of 70-120 o C was studied by Colamati et al. (2006) . They pointed out that Pt-Ru and Pt 3 Sn show about the same performance in a DEFC at 70 o C.
In order to attain maximum energy from electrooxidation of ethanol, it is necessary that the oxidation reaction goes to completion. The complete oxidation of an ethanol molecule involves release of 12 electrons at the anode, as given by
Overall reaction:
The reversible cell potential at standard condition of a DEFC is calculated as 1.145 V. At a higher operating temperature (>100 o C), DEFC gives enhanced performance with an increased CO 2 formation. Below 100 o C, product analysis by differential electrochemical mass spectrometry (DEMS) or by chromatographic techniques (HPLC and GC) provided a detailed reaction mechanism of ethanol oxidation on Pt electrodes in acidic medium. The ethanol oxidation involves parallel and consecutive reactions as follows:
Reaction (10) occurs at higher electrode potentials (E > 0.8 V vs. RHE), where the water molecule is activated to form oxygenated species at the platinum surface. Reaction (11) occurs mainly at lower potentials (E < 0.6 V vs. RHE) (Hitmi et al., 1994) . There have been considerable efforts to develop bi-metallic and tri-metallic anode catalysts such that the complete electro-oxidation of ethanol to CO 2 at low temperature is possible and that there is no crossover ethanol from anode to cathode , Tayal et al. 2011 , 2012 , 2014 , 2015 . The single direct ethanol fuel cell (DEFC) test at 90 o C, 1 bar with catalyst loading of 1mg/cm 2 and 2M ethanol as anode feed showed an enhancement of catalytic activity in the following order. Pt-Re-Sn (20% Pt, 5% Re and 15% Sn by wt) and Pt-Ir-Sn/C (20% Pt, 5% Ir and 15% Sn by wt) exhibited highest performance among all the catalysts prepared with power density of 33 and 29 mW/cm 2 in DEFC, respectively, operating at 90 o C (Tayal et al., 2011 (Tayal et al., , 2012 . Basu et al. (2008) showed that improvement in cell performance may be achieved by adding 874 Suddhasatwa Basu sulphuric acid in ethanol feed and using Ni-mesh as current collector at the anode. Goel et al. (2014 Goel et al. ( , 2015 showed that performance of DEFC increases to 61.2 mW/cm 2 by using Pt-Ru on mesoporous carbon nitride (MCN) support at the anode. Andreadis et al. (2006) and Pramanik and Basu (2010) developed mathematical model for anode of DEFC and complete model for DEFC to estimate the overpotentials, respectively. The model predicted the experiment data on current-voltage characteristics with reasonable agreement. The influence of process parameters such as ethanol concentration and temperature on the cell performance is reflected in the model prediction.
In recent years, the interest in the direct alcohol alkaline fuel cell (DAAFC) rose again because of its better oxygen reduction kinetics in alkali than in acidic environment, simplicity, low cost and comparable efficiency compared to other types of fuel cell. Basu (2005, 2007a, b) developed direct alkaline fuel cell with liquid potassium hydroxide solution as an electrolyte for the direct use of methanol, ethanol or sodium borohydride as fuel. The typical power density achieved using Pt-Ru (40%: 20% by wt.)/C catalyst at 1 mg cm -2 is 15.8 mW cm -2 at current density of 26.5 mA cm -2 for methanol and 16 mW cm -2 at 26 mA cm -2 for ethanol. The typical power density achieved for NaBH 4 is 20 mW cm -2 at 30 mA cm -2 using Pt-black as anode. A mathematical model of DAAFC predicted the experimental data well. Oxygen reduction reaction at manganese oxide cathode in alkaline medium is studied using cyclic voltammetry and by measuring volume of oxygen consumed at the cathode . Single peak in cyclic voltammogram suggests that 4-electron pathway mechanism prevails during oxygen reduction at MnO 2 cathode in alkaline medium. This is substantiated by calculating the number of electrons involved per molecule of oxygen reacted at MnO 2 cathode from the oxygen consumption data for different fuels. A simple DAAFC stack has been developed, which consists of a series of flow channels in anode and cathode chambers (Gaurav et al., 2010) . Anode and cathode electrodes used were platinum black and MnO 2 , respectively. The open circuit voltage of the stack made of four cells was nearly 4.0 V. The maximum power density obtained from such a stack (25 o C) was 50 mWcm -2 at 20 mA cm -2 for methanol and 17 mA cm -2 for ethanol.
Approaches to PEMFC and DAFC Challenges
Proton exchange membrane fuel cells and direct methanol fuel cells currently use platinum-based catalysts at the anode and cathode. It would be difficult for the fuel cell technology to become competitive with other energy conversion technologies unless the overall materials cost is reduced significantly. For example, (Gasteiger et al., 2004) reported that approximately one-fifth of the platinum loading is needed in PEMFC stack for mass commercialization of fuel cell powered automobiles. One method to decrease the cost of the materials in the catalytic layers of a membrane electrode assembly is to engineer catalysts with ultra-low precious metal loadings that still meet performance specifications. Researchers are currently engineering nanostructured supports such as carbon nano-tubes to increase the dispersion of the precious metal catalyst and enhance transport in the active layer (Jeng et al., 2007; Priyanka et al., 2009; Kannan et al., 2009; Gao et al., 2010) . Others are attempting to reduce the catalyst cost. Two approaches to reduce catalyst cost are being actively pursued: one is to reduce Pt loading, and the other is to explore non-noble catalysts. In the short-term, catalysts containing low amounts of Pt are the priority and also practical, but in the long term, non-noble metal catalysts would be the better solution. Tremendous efforts have been made towards the finding out low Pt loading anode catalysts and nonnoble metal catalysts (Vojislav et al., 2007 , Lim et al. 2009 ). While Vojislav (2007) (Kowal et al., 2009) . This electrocatalyst effectively splits the C-C bond in ethanol at room temperature in acid solutions, facilitating its oxidation at low potentials to CO 2 , which has not been achieved with existing catalysts.
Analysis of literature shows that over the last few years, tremendous progress towards improvements of activity and stability of non-platinum catalysts has been achieved. Some of the notable catalysts are tabulated in Table 3 .
Thermal and water management issues should be handled with great care in the case of new types of gas diffusion layer (GDL), for e.g., metallic/carbon cloth or carbon paper for better electron conductivity and mass transfer of the reactants and products. A well-defined electron transfer through solid metallic structure and fluid flow path in GDL would reduce polarization losses. GDL is the key component of membrane electrode assembly (MEA). It should be such that activation polarization at anode and concentration polarization at cathode are minimal. GDL should keep a balance between water drying condition (decrease of proton conductivity in membrane) and water flooding condition (increase of mass transport resistance hence loss in voltage). Designing of thinner bipolar plate of low resistive material or highly conductive material for excellent stack performance is the key to success forhigher efficiency and minimization of cost of fuel cell. In general, investigators have been focusing on efficient development membrane and electrode-catalyst development. Following Fig. 8 on cost components of a typical PEMFC stack, it becomes obvious that commercialization of PEMFC highly depends on the development of GDL with high conductivity and high surface area with uniform distribution of pores and cheaper, efficient, highly conductive bipolar plate (Kamarudin et al., 2006; Jayakumara et al., 2006) . Investigators are working on development of carbon fibre doped with metals, new carbon material and carbon nano-tubes and mesoporous carbon nitride. Wiesener 1989; Zagal et al., 1992; Faubert et al., 1996 ; IrM (where M=Ru, Mo, W,V) Alves et al., 1999; Lefevre and Dodelet 2003; Schulenburg et al., 2003; Olson et al., 2008; Serov and Kwak, 2009 Methanol electro-oxidation Pd/C; Pd/Ni/C; Fe-MnO x ; Ni-MnO x Hwu et al., 2001; Zellnera and Chen 2005; Liu et al., 2003; Ganesan and Lee 2005; Weigert et al., 2007; Serov and Kwak, 2009 Ethanol electro-oxidation RuNi; Pd/C, PdAu/C; PtSn/CeO 2 -C; 
Oxygen electro-reduction Fe-N/C; Co-N/C; MnO 2 Wasmus and Kuver 1999; Batista et al., 2001; Shobha et al., 2003; Savadogo et al., 2004; Atwan et al., 2005; ; Lima et al., 2005; Wang et al., (2007) ; Mustain et al., (2007) 
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It has been found that the development of nonnoble metal catalysts and GDL is comparatively simpler when they are used at higher temperature. However, with the present technology and use of PEM in the PEMFC and DAFC, it is not possible to use the fuel cells at an operating temperature above 90 o C. Therefore, development of high temperature PEMFC and DAFC is being studied. A brief discussion on high temperature polymer electrolyte membrane is provided in the subsequent section.
High-temperature Polymer Electrolyte Membrane Fuel Cells (HT-PEMFC)
The interest in development of high temperature polymer electrolyte membrane fuel cells (HT-PEMFCs) has risen due to the numerous advantages of PEMFC technology operating above 100 o C (Lobato et al., 2007; Scott et al., 2007; Li et al. 2008 ): (i) kinetics of both the electrode reactions are enhanced, (ii) tolerance of the Pt electrodes to carbon monoxide is increased, (iii) non-noble metal catalysts may be used, (iv) the integration of reformer technology is simpler, and (v) the cooling system for facilitating heat dissipation is simplified.
A suitable polymer electrolyte membrane is an important step for the development of HT-PEMFC. So far, perfluorosulphonic membranes such as Nafion® (DuPont), Dow (Dow Chemicals), Aciplex (Asahi Chemicals), and Flamion (Asahi Glass Co.) are the most widely used in fuel cell research and development. However, these membranes are not suitable for temperature higher than 100 o C due to insignificant proton conductivity of the membrane for fuel cell purpose as the water content of the membrane at higher temperature, required for the conductivity, reduced appreciably. Therefore, three different types of membranes have been investigated for the fuel cell at temperature higher than 100 o C: (i) modified perfluorosulphonated membranes, (ii) alternative sulphonated polymers and their composite and (iii) acid-base polymer membranes and their composites.
It is necessary to prepare polymer structure with higher glass transition temperatures, which can solvate the mobile cations in a polar phase containing the anions and the solvation groups. The solvation groups being developed worldwide include imidazoles, which are tethered to the polymer matrix (Schuster et al., 2005) . Phosphoric acid doped polybenzimidazole, which is an alternative to Nafion membrane, and works at a higher temperature suffers from leaching problem in water environment. It is therefore required to carry out investigation to provide a solid-state membrane with no leachable components. PolyFuel offers a new membrane, which works at a higher temperature (175°C) without much deterioration to reactants and by-products forms (Ashley 2005) . Other new membranes such as sulphonated poly-(arylene thioether sulfone) (PATS), sulphonated poly (arylene ether sulphonate) (BPSH), and sulphonated poly (imide) (SPI) copolymersare found to be as good as Nafion® in many respects (Hickner and Pivovar 2005) . Recently, high temperature proton exchange polyimide electrolyte membranes having sulphopropoxy and fluorenylgroups with higher proton conductivity are tested by Zhou et al., (2005) .
The polybenzimidazole (PBI) doped with phosphoric acid is a serious candidate for being used in HT-PEMFC. This acid-base membrane has lowcost and can work efficiently at high operational temperature of fuel cell. PBI membrane doped with phosphoric acid works at temperature up to 180 o C without humidification and making it possible for the fuel cell to tolerate the use of H 2 having impurity of CO up to 3% with only small power loss. There are various other membranes for the HT-PEMFC such asPBI/PTFE, PBI composite membrane, SPEEK/ PBI, pyrophosphate-based inorganic membrane, etc. on which active research is being conducted (Wu et al., 2008; Verma and Scott, 2010) .
The question is whether ceramic membrane can be developed as in solid oxide fuel cell (SOFC)as substitute for PEM, which operates at a temperature range of 150-200 o C. Normally, ceramic material and metal oxides are used in high temperature SOFC. Impregnation of nano-metals in perflurosulphonic acid membrane may help in proton transport. The membrane should have the following characteristics: chemical and mechanical stability for higher durability, control over undesired side reactions, greater tolerance to contamination caused by impure fuel or Proton Exchange Membrane Fuel Cell Technology: India's Perspective 877 by-products, low electro-osmotic drag and high proton conductivity.
Most of the points covered for PEMFC are also true for DAFC. Some additional issues are discussed further. Normally portable electronic equipment work at room temperature. However in some extreme cases at outdoor conditions, for e.g., sub-zero temperature or very high temperature, electronic equipment are used. In such conditions, the start-up time for the stack should be a few seconds such as 5-10 s. In DAFC, the main hurdle to be overcome is the development of membrane such that it does not allow crossover of fuel, for e.g., methanol and ethanol, through the membrane restricting fuel oxidation at cathode and minimizing over voltage loss.
PEMFC stack engineering and control is the next biggest hurdle once the component level improvements are achieved. The biggest challenge is in the computer controlling of fuel cell stack with load variation, minimum response time, better heat removal, less fuel flow resistance, by-products removal, decrease in stack mass per volume and weight and cyclic endurance.
Commercial Development of PEMFC
In 1955, W. Thomas Grubb of General Electric (GE) introduced the concept of using a sulphonated polystyrene ion-exchange membrane as the electrolyte in a PEMFC. Three years later, another GE chemist, Leonard Niedrach, devised a method of depositing platinum catalyst directly onto the polymer electrolyte membrane. Both these technologies were used by GE to develop the fuel cell system for Gemini Spacecraft. This can be considered as the first commercial use of fuel cell. Similarly, NedStack has an ongoing project with Akzo Nobel at Delfzijl, Holland. Its 50 kW system recently reached the milestone of 4000 running hours and has delivered over 200 MWh to the grid.Plug Power Inc. has been involved, since 1997, in the design, development, and manufacturing of fuel cell systems for industrial offroad and stationary power markets. The company develops and sells a range of fuel cell products and services, including PEMFC systems for mobile (GenDrive) and stationary power (GenSys). They also develop a high temperature fuel cell system for residential and light commercial co-generation. In 2008, they received full certification to the American National Standards for Stationary Fuel Cell Power Systems (ANSI/CSA FC-1) requirements. Recently, various power requirements in the Oscars red carpet ceremony (2010) were successfully fulfilled by Freedom Power fuel cell systems.
R&D in the fuel cell sector in Europe (Germany, United Kingdom, France, Russia) and Asia (Korea, Japan, China, Taiwan) has progressed as much as in North America (USA and Canada). In Japan, PEMFC and MCFC technologies are already in the market, PEFC systems for vehicular and mobile applications as well as for standalone systems in residential use are ready for applications. PEMFC technologies started in 1980s, which led to their early commercialization as compared to other fuel cell technologies. Several hundred units including prototype have been sold. Non-noble catalysts based on C, N, O, H alloys and proton exchange membrane based onpoly (paraphenylene)S are used leading to higher PEMFC efficiency and durability. Based on this technology, several companies are working on development of FC-based light duty vehicles and backup power with heating facility for household use. Honda FCX car with twin 100 kW PEMFC stack claiming lifetime of 5000 h, cruising range of 620 km and 60,000 start-stop cycle is one of the finest example of development of FC-based vehicle in Japan. Toshiba, Eneos-Celltech, Ebara-Ballard, Toyota Motors, Panasonic installed 3307 units of 1 kW PEMFC stack work on LPG and LNG using reformer. The 1 kW PEMFC stack works with 40% electrical efficiency, produces hot water with claimed lifetime of 40,000 h and 4000 times start-stop cycles. The cost of both PEMFC operated FCX Honda car and 1 kW PEMFC system is exorbitantly high. The number of 1 kW PEMFC stationary systems sold and installed by different companies are shown in Table 4 . demonstrated DMFC-powered laptop and mobile phones in different international exhibitions on fuel cell technology. In a similar manner, DEFC and direct glucose fuel cell development have been undertaken by many investigators and Sony Corporation.
However, their commercial viability vis-a-vis Liion battery in mobile phone and other handheld devices application is not known, but it hold much promise.
Fuel Cell and Its Application
PEMFC is used for motive power i.e., vehicle application, power generation for portable application as well as powering a building complex and block of houses i.e., utility market in the form of combined heat and power. Hydrogen is the fuel for PEMFC, which can be produced through different pathways, for e g., utilizing solar and wind power to electrolyse water to produce hydrogen, biomass to synthesis gas and further converting to hydrogen, coal to hydrogen with carbon dioxide sequestration, natural gas to hydrogen with separation of unwanted (CO) gases, nuclear and thermo-chemical reaction route to produce hydrogen. In the initial stage in North America, Europe and Japan, fixed route vehicles, busses, trucks, and delivery vans have been tried to create effective hydrogen dispensing facility and gain experience from it. Internal combustion vehicle, fuel cell vehicle (ICE-FCV) or fuel cell hybrid vehicle (FC-HEV) has been the starting point in these countries to have a smooth transition from ICV to FCV in terms of economy, infrastructure and technology development. India may follow a similar strategy.
DAFC is constructed on basis of proton exchange membrane (PEM) or anion exchange membrane (AEM) technology. DAFC is suitable as a power source to portable electronic equipment, for e.g., laptops, mobile phones, pads,and camcorder replacing the use of Li-ion batteries with possible commercialization in near future. The market for portable application is increasing by leaps and bounds with advancement in microelectronics technology, fore.g., micro-fluidics devices, micro-chemical plants, lab-on-a-chip, etc. Thus, demand for micro Watts to Watt ranges of miniature to portable power packs Considerable commercial activity has been seen in the last decade on the development of DMFC as a power source for portable electronic equipment such as laptops and mobile phones. Toshiba and Motorola Proton Exchange Membrane Fuel Cell Technology: India's Perspective 879 will increase and portable fuel cell is a good option as the duration of power supply by fuel cell is much higher than Li-ion battery. The primary candidates as fuel for direct fuel cell technology are methanol, ethanol, formic acid, esters and sugar with improved catalysts and membrane electrolyte technology for the fuel cell.
Fuel Cell Research in India
The Apart from these, several foreign companies have also entered the Indian market since the market is still in a nascent stage. Some of these organizations are focusing on bringing the technologies developed in other countries to India, while some have focused on using Indian expertise and resources to develop a strong R&D base. Some local players are also involved in collaborations with these companies. In the last few years, India has seen a steep growth in fuel cell research activities with several national and international conferences and workshops organized locally. Both academic institutions and private sector companies are actively participating to organize these events. These events have provided a good platform to Indian researchers to interact among themselves and also with researchers from other countries. This is quite important, as no active network of Indian researchers exists in the area of fuel cell research.
A large percentage of organizations involved in fuel cell activities are working on small stationary units (Fig. 10) . Power distribution is a big problem in both domestic and industrial sectors in India and fuel cells are being considered as a good option to provide stationary backup power. Several programmes related to stationary applications of fuel cells are being promoted by the government.
Apart from stationary power, automotive sector is also an important focus area for fuel cell research institutions in India. Some of the big industrial organizations are involved in development of fuel cells for automobile applications. Hydrogen storage, portable and large stationary applications of fuel cells are some other important areas of fuel cell research in India (Table 5) .
Markets for Fuel Cells in India
A fast growing economy, with a large gap in demand and supply of power, makes India a good potential market for various power generation technologies including fuel cells. Favourable national energy policies for hydrogen and fuel cell technology development in stationary power and automotive sectors strengthen India's position as a future market for fuel cell based applications. This section of the report describes some of the markets for fuel cells in stationary power and automotive sectors. 
Stationary Power
Stationary power generation sector in India can be considered to have the most near term potential market for fuel cells. The rapid growth in Indian economy demands for a growth in infrastructure facilities and energy supply. India is suffering from severe power shortages which can affect the growth levels of economy as it affects both the domestic and industrial sectors. In India, several industrial and commercial enterprises use some form of captive power and are potential customers for fuel cell based stationary power plants. An unreliable grid system and prolonged power blackouts in urban areas in India add to the market potential for fuel cell applications in stationary power sector. A study conducted by TERI, Delhi, on the market assessment of fuel cells in India, identified several key markets for fuel cell stationary power plants in India. These include chlor-alkali industry, luxury hotels, paper and pulp industry, dairy industry, telecommunication industry and stationary backup power. The study identified availability of fuel for fuel cell power plant as one of the key factors in selection of potential consumers. Also, potential use of waste heat from fuel cell power plant was another important factor considered in the selection of consumer. Table 6 presents some of the key niche areas for stationary power generation identified from the study.
Another market application for fuel cell base power plants could be in distributed power generation in Indian rural areas. Due to the unavailability of grid connected power supply, these areas can be seen as a potential market for distributed power generation systems. Government incentives and support in this area can be seen as an advantage for the market players.
Telecommunication Industry
India has emerged as one of the fastest growing telecom markets in the world. Mobile services in telecom industry have been growing at a much faster pace mainly in urban areas. Still, the total wireless tele-density remains at around 40.3% which shows a huge untapped potential for market growth. The main future market for these services lies in non-urban areas where penetration of these services remains low.
A growing telecom industry presents itself as a potential market in mobile towers backup power. There are around 2,80,000 mobile telecom sites and it is estimated that about 5,00,000 sites will be required by 2018. One of the main infrastructure requirements for mobile towers is the provision of backup power which is a necessity due to frequent power cuts in both urban and rural areas. The issue of irregular Fuel cells are being offered as a viable option to telecom customers in place of diesel generators. Telecom infrastructure companies are willing to pay a premium for reliable power, especially in remote rural areas. Fuel cells offer clean, noise-free and most importantly, they can be run on a variety of fuels. These fuels can be cheap biogas which is available in remote rural areas and thus can provide a solution to telecom companies looking for a replacement to diesel-based generators.
In May 2008, agreement was signed between Ballard Power Systems and ACME Telepower for supply of fuel cell stacks to the telecom's backup power. A development and supply agreement was signed between ACME, Ballard and IdaTech for supply of 5 kW natural gas PEMFC stack 30,000 systems to be delivered by 2013. A minimum order of 10,000 systems is to be completed by 2010, rest of the order after evaluation of this unit.In August 2008, Plug Power demonstrated a LPG-fuelled telecom power backup unit in partnership with Hindustan Petroleum Corp. Ltd. and Tata Teleservices. However, outcome of the above agreement is not known to the public.
Chlor-alkali Industry
Chlor-alkali industry in India mainly comprises manufacturers of caustic soda and soda ash. In the process of manufacturing caustic soda, some valuable by products are produced. A tonne of caustic soda produces 860 kg of chlorine and 25 kg of hydrogen. Chlorine and hydrogen produced can be combined to prepare hydrochloric acid. These basic chemicals are used by many industries. Table 7 shows the hydrogenproducing capacity of various chlor-alkali plants in India.
The manufacturing process of caustic soda is quite energy intensive (5-45 MW). The load requirements are met by grid supply as well as captive power plants. Hydrogen as a major by-product of the manufacturing process finds little usage in the chemical industry (Table 7) . Although some hydrogen is used in the manufacturing of hydrochloric acid and some is sold after compression and storage in bottles, a significant amount does not find any use. Compression of hydrogen and storage into cylinders is a labour and energy intensive process. Also, market for HCL is limited; so, conversion of hydrogen to HCl is restricted by demand. Caustic soda is transported to long distances after it is converted to caustic flakes by an evaporation process, which consumes fuel. Use of hydrogen in this process is also difficult as it requires sophisticated burners and controls. It has also been 
Luxury Hotels
There is a need for reliable primary and backup power in large commercial premises. The five star hotels of India can be viewed as a prime candidate for the adoption of fuel cell technology in stationary power generation. The load requirements range from 500 kW to 5 MW depending upon the capacity of the hotels. The load is distributed lighting requirements, kitchen load, operation of lifts and mainly space conditioning.
These hotels require heat for various purposes which include hot water for guests, kitchen, and laundry. Some hotels also have sauna baths and health clubs which also require steam.The hotels are wellconnected by grid, but due to frequent power cuts, they also maintain some form of captive power generation which can meet the energy requirements. Most commonly diesel-based generators are used as captive power plants in the hotel. Fuel cells which can simultaneously supply electricity, steam and hot water will be an attractive option to hotel owners. PAFC, MCFC and SOFC power plants are best suited for this case. A clean and noise-free energy generation process with ease of operation can be considered as factors which will drive fuel cells entry in this market.
Availability of fuel for such plants will be another important factor in this market. Some of the cities in India, mainly metropolitan cities such as Delhi and Mumbai have a good infrastructure for natural gas distribution. This infrastructure is being extended to commercial hotels in these cities. These large hotels also have a good supply of LPG gas for their cooking requirements. So, availability of fuels is another advantageous factor for the adoption of fuel cell technology in this market.
Other Stationary Power Generation Markets for Fuel Cells
The pulp and paper industry in India have electricity requirement in the range of 2-50 MW. The industry also requires low and medium pressure steam in the chemical processes of cooking raw material for making pulp, drying of paper and evaporation processes. The bleaching plants also require saturated steam at around 200 o C. The industry uses captive power generation systems mainly in the form of diesel generators. Sometimes, gas turbines or steam turbines are used for power generation.
Fuel cell system with the capacity to produce heat (PAFC, SOFC and MCFC) can be useful in the industry. Again, the capital cost of the fuel cell systems would be critical in their entry into this market. Another area of fuel cell application in stationary power sector is in the dairy industries most of which are in the western and north-western parts of the country. These industries use diesel generators or gas turbine based captive power generation systems. The dairy industries in western India have easy access to natural gas. Other fuels such as biomass and biogas are also available in these areas. Thus, fuel availability is a major advantage for fuel cell applications in these industries.
Power cuts in the urban area have created a market for standby/back up power generation systems used by domestic users. The backup power load ranges from 0.3 to 5 kW depending upon the requirements of the domestic user. Diesel, petrol and kerosene generators and battery banks (DC to AC inverters) are the most commonly adopted power generation systems used by domestic users. The problem with diesel, petrol and kerosene based generators lies in the pollution and noise caused by these systems. The inverters are also not very efficient while charging and discharging cycles. PEMFC-based systems can be good alternative for domestic users but they face stiff competition from conventional generators in terms of their costs.
Fuel cell power systems designed and developed by Indian Space Research Organization (ISRO) were installed (Fig. 10) at Shillong and Thiruvananthapuram for powering Automatic Weather Stations (AWS). In a first of its kind in the country, the first unit was installed during April 2013 and it has completed one year of operation, successfully. The power systems are based on a 100W class PEM fuel cell stack that operates on hydrogen and air and deliver 12V DC required for the functioning of AWS. The systems are designed to work in fully unmanned and autonomous mode with very simple architecture with minimal subsystems, especially, dynamic components. The systems make use of hydrogen from standard gas cylinders and ambient air, directly, and deliver stable electrical output. The work was done as a spinoff application of the systems under development at ISRO, after specific design adaptations. More such installations, which have the potential to enhance our remote sensing and disaster mitigation capabilities, have been planned.
There are a large number of automatic weather stations (AWS) all over the country and these acquire regional weather data, which is then pooled into a common data base, automatically, through a satellite uplink. The AWSs work in fully outdoor conditions and are many of them are located in remote areas without grid power. The units are configured to operate in fully autonomous mode and are normally powered by solar panel-battery combination. The AWSs located in areas with long spells of rain and winter, generally, suffer from insufficient solar intensity for certain periods. This renders them non-functional since the battery tends to run out of charge due to insufficient recharging. Similarly, those located in high altitudes and latitudes are also prone to chronic low solar intensity resulting in under performance of the power system. Fuel cell power system operates on the stored hydrogen gas and is fully free of all the constraints mentioned. Also, when the system operation is configured in such a way that the refilling of gas Proton Exchange Membrane Fuel Cell Technology: India's Perspective 885 cylinder would be needed once in 3-4 months, it becomes quite manageable. The system provides a fully clean power generation cycle and water is the only by-product. The system thus offers an alternative power system option for AWSs. The new solution based on fuel cells enables AWSs, which provide crucial data onregional weather fore-casting and nowcasting, to operate free of adverse weather conditions.
Fuel Cell Markets in Automotive Sector
The automobile industry in India is one of India's fastest growing industrial sectors. Still, the penetration in this sector is quite low which indicates a huge potential for growth. The Indian automobile industry can be classified as follows:
Light duty 2-and 3-wheeled vehicles, passenger car
Heavy duty vehicles including buses and trucks
The following section discusses the market potential of fuel cells and recent market developments in both these categories.
Light Duty Vehicles
Majority of light duty vehicles in India belong to 2and 3-wheeler vehicle categories. Two-wheeled scooters and motorcycles are the main mode of transport for the Indian middle class homes which constitute a large market. As per the NHERM, activities related to adoption of hydrogen-based technologies in this vehicle segment have already started. The focus is on the development of hydrogenpowered IC engines rather than adoption of fuel cells. Domestic manufacturers such as Mahindra Rise have developed a hydrogen IC engine based vehicle 'HyAlfa' (Table 5 ). Bajaj has developed a hydrogenpowered three-wheeler vehicle. Companies are involved in developing hybrid versions of 2-and 3wheeled vehicles. However, lack of hydrogen infrastructure in majority of Indian cities has kept these vehicles from coming into entering the market. Most of such vehicles are in the demonstration stages in Delhi, where they have developed a hydrogen/CNG infrastructure. Fuel cell application in this area would not be possible in the near term. This is due to high capital costs associated with fuel cell systems, which makes it hard for the consumers in this category to adopt this technology. Indian middle class consumers would find it hard to invest a substantial amount on a two-wheeler when gasoline-based vehicles are available at substantially cheap prices. Similarly, fuel cell costs may be prohibitively high for an Indian autorickshaw operator. With huge skilled labour force in India for maintenance, it is possible that fuel cell applications in India may not be as sophisticated as that of the developed world, where labour force is dwindling and costly. This may bring down the cost of fuel cell and become competitive with the IC engine based vehicles. Another important issue will be the durability of fuel cell based vehicles given the near continuous operation of 3-wheelers and the bad condition of Indian roads which are often filled with potholes. So, market potential for fuel cell based 2and 3-wheelers is quite limited in India.
Passenger car market in India presents an interesting picture. This sector is growing at a very rapid pace which has led to many international automobile manufacturers entering the Indian market. Apart from a number of large domestic players, the Indian automobile sector now has several worldknown automobile manufacturers, which sell their products in the premium segment of the market. The domestic manufacturers in this market are looking for alternative fuelling options. Various activities regarding the development of alternative fuelled vehicles are being carried out by these car companies.
Again a look at the hydrogen fuel infrastructure condition in India tells us that commercialization of fuel cell based passenger cars in not an immediateterm option. Also, the capital costs related to these systems make it hard to commercialize such vehicles in Indian markets. Although, fuel cell based vehicles can be a good option to battery-based electric vehicles as range extenders which have a very small market in India at present. Delhi government gives tax sops to manufacturers and users of battery-operated vehicles, which is a good sign to start with. Such benefits may be extended to fuel cell operated vehicles in future during implementation stage. 886 
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Heavy Duty Vehicles
Buses in India show a promising future for the adoption of fuel cell technology. A number of manufacturers in this industry in India are showing much interest for the development of fuel cell based demonstration units. Operation of buses in many cities is by state-run enterprises. Also, in many metro cities, the government is planning to impose some environmental constraints on public transport systems of which buses are an integral part. A good example of this is the conversion of city buses in Delhi to CNG-fuelled buses in 2001. In near future, buses seem to be the most promising option for fuel cell technology implementation. Although, high capital costs will still hinder this technology form entering the market, but fuel cell buses for demonstration purposes have sufficient scope.
Two of the biggest manufacturers (Tata and Ashok Leyland) in this sector have started developing buses based on hydrogen technologies. Tata and ISRO are jointly developing a PEMFC-powered bus for demonstration purpose. While they are using Ballard PEMFC stack as power source along with a battery, the system engineering is completely developed by Tata and ISRO. Ashok Leyland isworking with Society of Indian Automobile Manufacturers on guidelines of NHERM towards development of low cost hydrogen IC engine technology. In detail, they are discussed here.
Tata Motors Ltd. (TML) is developing a hydrogen-fuelled fuel cell buswhich is in line with its corporate policy of designing and developing environment-friendly, sustainable transport solutions. In this endeavour, Tata Motors is developing a fuel cell power train technology to power buses which will be fuelled with hydrogen ( Fig. 11 ). As part of this initiative, Tata Motors has set up a Research Centre, in Society for Innovation and Development at Indian Institute of Science, Bangalore Campus and has created a fuel cell power system test facility there.
A typical low floor Tata Motors Starbus running on CNG-based electric traction was used for the purpose. The CNG electric generator was replaced with a fuel cell power system. The power system consisted of a FCvelocity TM -1100 Ballard stack capable of 120 kW and a Li-ion battery pack. The battery is placed in the front-end so that it powers the motor and the fuel cell keeps charging the battery. This way, the battery was made to the handle the transients. Hydrogen gas was stored under high pressure up to a permissible level of 350 bar on the roof of the bus in a composite high pressure vessel. An air compressor delivered the required quantity of air into the system based on a proprietary control logic evolved for the purpose. Development of a robust gas humidification system by TML was indeed a highlight of the programme. The prototype realized does not envisage recovery of the product water which is exhausted into the atmosphere. However, future vehicles are expected to include water recovery as well. Cooling radiators in bus are mounted on the roof top. The total power system was mounted in the rear module of the vehicle. The bus being developed comprises fuel cell power system, electric traction, hydrogen storage system and controls. Hydrogen is used as fuel, which will be stored on-board in compressed form in light weight composite cylinders. ISRO has provided some of the technology-related hydrogen handling. Electric power is generated by fuel cell power system on-board bus by indirect combustion of hydrogen. Surplus power required during transients is met by the lithium ion traction battery which also absorbs power generated by traction system during braking. Power generated is regulated and controlled by using traction controller. The motive power for the bus is provided by electric traction. Tata Motors has already developed two Proton Exchange Membrane Fuel Cell Technology: India's Perspective 887 prototype buses and trials are being carried out at test facilities. Several cities around the world, consider the fuel cell and battery hybrid bus as the most promising technology to facilitate decarbonisation of public transport.
The other kind of heavy vehicles in India, trucks, show very little scope for fuel cell adoption. These trucks are mostly operated by private owners. Fuel cell operated trucks should be affordable and operation-wise less expensive so that the owners do not incur loss. These owners would not be willing to invest in this technology unless the capital costs become low. Also, the operation of these trucks is very rough and runs for long hours. The fuel cell systems in such vehicles should be rugged and reliable with low maintenance costs. These factors impose further restrictions for the fuel cell technology to be implemented in such vehicles. The only option is to use fuel cells in the auxiliary power unit of trucks with the present state-of-the-art FC technology.
There is a small window for the entry of fuel cells in the niche vehicle market. These vehicles can be forklift trucks in the warehouses of the industries such as food processing and microelectronics manufacturing. Such industries require zero emissions vehicles and mostly use battery-run electric vehicles to which fuel cell based vehicles will be a good alternative. Also, some airports in the country can switch to fuel cell operated vehicle fleet to decrease noise and air pollution inside the airport premise. Some monumental sites such as Taj Mahal in Agra impose severe restrictions on the use of fossil fuel based vehicles near the premise. Sites such as these can be a good market for fuel cell operated vehicles as they are already using electric vehicles.
